Introduction
Advances in bioinformatics, especially in the field of genomics, have greatly accelerated as development of powerful computational systems and new distributed platforms enabled rapid processing of massive amounts of datasets. Accordingly, this has led to an explosion of public software tools, databases, and other resources for biological discovery (Henry et al., 2014) .
Modern biomedical research requires the comprehension and integration of multiple types of data and tools; specifically, understanding biomedical phenotypes requires analysis of molecular data (genomics, proteomics), imaging data (sonography, CT), and textual data (case reports, electronic health records) (Payne, 2012) . Researchers require software tools in a common platform that can analyze and integrate data from each of these domains. However, many of the existing resource and tool repositories are narrowly focused, fragmented, or scattered and do not support the multidimensional data analysis required for advancing precision medicine (Cannata et al., 2005) . There is a lack of unified platform collection software applications across various disciplines, leaving many users unable to locate the tools critical to their research.
To manage this influx of digital research objects (tools and databases), the FORCE11 community put forth a set of guiding principles to make data Findable, Accessible, Interoperable, and Reusable (FAIR) (Wilkinson et al., 2016) . While these issues have been addressed in the data elements domain, they are equally important to but thus far neglected by the biomedical informatics software domain.
Here we introduce Aztec (A to Z technology; https://aztec.bio), an open-source online software discovery platform that empowers biomedical researchers to find the software tools they need. Aztec currently hosts over 10,000 resources spanning 17 domains, including imaging, gene ontology, text-mining, data visualization, and various omics analyses (i.e., genomics, proteomics, and metabolomics). Aztec serves as a common portal for biomedical software across all of these domains, enabling modern multi-dimensional characterization of biomedical processes.
Applying FAIR Principles to Biomedical Software
Our goal is to build a platform for enabling and ensuring the compliance of software and tools with FAIR principles.
First, we address the issue of Findability. Datasets are rendered Findable by rich, accompanying metadata describing how datasets were generated and how they can be analyzed. There are specific functions that each software tool can fulfill, and each tool has its own restrictions and requirements regarding its application. For a software tool to be considered Findable, researchers must be able to query and filter based on tool function, biological domain, prerequisites, input and output formats, and a host of other vital metadata fields. Aztec will enable the querying of all of these features, thus eliminating obstacles for finding specific tools faced by researchers today. While many robust, metadata-enriched databases exist to index available biological datasets (Perez-Riverol et al., 2016) , few comparable systems exist to index and describe tools (Ison et al., 2016 Leveraging these principles, Aztec provides the scientific community with a new platform that promotes a long-term, sustainable ecosystem of biomedical research software.
Data Sources
Aztec operates on an automated pipeline that collects, clusters, and indexes tools from four different sources:
(1) Publications. The Aztec database is populated predominantly by tools that are described in the biomedical literature indexed by PubMed. All new publications from journals of interest-those which regularly publish new biomedical software tools-are programmatically examined and classified as either positive or negative tool publications using a neural network classifier. Tool metadata is then extracted from the publication using the PubMed API, article abstract, article full text (where available), and the GitHub API (where resolvable GitHub URLs are found in the abstract or full text). Existing generalpurpose biomedical software indexes rely on manual entry of new software tools (Henry et al., 2014; Ison et al., 2016) . By automatically extracting metadata from PubMed, Aztec will feature new tools as soon as they are published online.
When retrieving tools from PubMed, Aztec can incorporate tools published in both open access journals, where the full text is public, and conventional journals, where only the abstract is freely available. Using the PubMed API, Aztec can automatically retrieve information on the tool's authors, their institutions, and Medical Subject Heading (MeSH, https://meshb.nlm.nih.gov) terms describing the tool's function (see Table 1 ). Additionally, Aztec can retrieve either the publication abstract or the full article in PDF format. Using GROBID, a machine learning library for parsing scientific literature, Aztec can extract the full text, citations, and acknowledgements from PDF publications (Lopez, 2009 ).
The metadata extracted from PubMed literature can be enriched significantly when the tool's source code is hosted in a public repository such as GitHub. Repository URLs are automatically identified by Aztec in article text and queried using the GitHub API. The API returns metadata such as tool name, programming language, and license (see Table 1 ). Additionally, GitHub's API returns important usage metrics such as forks and commits, which Aztec uses to rank search results. Where repository URLs are not available, tool names are extracted from publication titles using refined heuristics.
(2) Other tool indexes. Aztec also functions as a tool repository aggregator. Using both RESTful APIs and HTML parsers, Aztec extracts tool metadata from other bioinformatics tool indexes, including BioJS (https://biojs.net), Bioconductor (https://www.bioconductor.org), Cytoscape (http://www.cytoscape.org), and Sourceforge (https://sourceforge.net). In developing the Aztec metadata schema, existing index metadata schemas were adhered to as closely as possible to facilitate resource index interoperability and reusability.
(3) User submissions. Using a wiki-style collaborative editing system, users can make changes directly to the tool metadata in Aztec. This enables authors to complete empty fields that were missed by Aztec's metadata extraction system and to correct any errors. Users can also submit entirely new tools to Aztec's database, creating new entries for tools that were not identified in PubMed.
(4) Funding sources. For NIH IC-funded research, grant numbers are matched to IC names, enabling users to find all software funded by a particular IC. For example, in the case of the NIH BD2K initiative, grant numbers are used to map tools to specific NIH Centers of Excellence in Biomedical Big Data Computing (See Table 2 ).
Platform Architecture
Aztec is cloud-based and is hosted on an Amazon EC2 server, with the flexibility to scale up to meet user demand. Aztec is implemented with the Node.js framework using an enterprise-established Model-ViewController design pattern. Users can interact with Aztec either through a web-based graphical interface or directly through an API.
Our platform employs a user management system with email authentication and SSL encryption to ensure secure resource registration and updates. Aztec offers an advanced yet user-friendly query system, allowing a cascade of nested sub-searches as well as comprehensive filtering and sorting of results. To preserve data consistency and integrity across diverse and voluminous inputs, Aztec employs a relational database implemented in MySQL. Powered by Aztec-IR, Aztec supports efficient keyword search and semantic query guided by established ontologies. On the web application's front-end, Aztec is implemented with the Bootstrap framework. It also incorporates D3 (https://d3js.org), a JavaScript graphing library that integrates HTML, SVG, and CSS to create interactive graphical visualizations.
Aztec-IR
Aztec is powered by Aztec-IR, our custom rich semantic Information Retrieval system, which outperforms the industry standard Apache Solr (http://lucene.apache.org/solr) enterprise search system when user queries can be mapped to a particular domain corpus. Aztec-IR first summarizes the information in raw text and then expands the query in a reasoned way within a particular ontology and knowledge hierarchy.
Aztec provides multiple search functions, including search by keywords, search by specific fields, and searching within results. To return accurate search results and provide a better user experience, Aztec also suggests search terms based on user queries in order to control the user input vocabulary. Our custom information retrieval system, Aztec-IR, is able to perform domain categorization tasks, generate reliable knowledge bases for query, and recommend similar tools ( Figure S1 ). It consists of three main components that perform the following tasks:
(1) Building a thesaurus. The thesaurus is built from a corpus of documents (referred to as C1 in Figure 2) that are representative of the language used in the domain of interest; in Aztec, this corpus consists of the biomedical literature retrieved from PubMed. Synonyms are generated from semantic similarity analysis based on the corpus C1. Hypernyms and hyponyms are retrieved from the related biological ontologies (MeSH; EDAM, http://edamontology.org; NCIT, https://ncit.nci.nih.gov) to enrich the thesaurus.
(2) Converting documents into vectors. Aztec-IR processes the tool descriptions and metadata documents that will be retrieved in response to user queries. Each such document is transformed into a vector of dimensionality equal to the thesaurus length. User queries are transformed and expanded via the same process into a vector of the same dimension. Search results are generated by ranking the relevance of document vectors to query vector. Within groups of results with close similarity to the query vector, results are ranked by usage metrics retrieved from the GitHub API.
(3) Topic classification. We have also leveraged the accurate feature space created by Aztec-IR to represent documents for topical categorization. Categorization of tools within specific biological domains improves tool organization and the quality of information retrieval, as users can constrain the search of tools to a specific domain in order to find the desired ones more quickly. Each tool has a description with short unstructured text (referred to as C2 in Figure 2) , which is leveraged to build document vectors using Doc2Vec converter (https://deeplearning4j.org/doc2vec; see Figure 2 ).
Our topic-classification model achieves 87.5% accuracy, outperforming other approaches such as TF-IDF and Labeled-LDA with 83.9% and 79.5% accuracy, respectively (Ramos, 2003) (Blei et al., 2003) .
Building a semantic rich feature space and capturing semantic similarities is important for yielding relevant search results, especially when the metadata is brief and sparse. This approach could be expanded to other platforms where search language can be matched to the controlled ontology of a specialized domain.
(4) Retrieving document. User queries are expanded and transformed using the same techniques for the documents. Search results are generated by ranking the relevance of document vectors to query vector.
Within groups of results with close similarity to the query vector, results are ranked by usage metrics retrieved from the GitHub API.
Indexing tools and resources
Aztec uses two independent systems to uniquely identify tools in the database. Tools are tracked internally using a Resource Identifier (RID) consisting of the prefix 'AZ' followed by a sequential integer. These RIDs define the URLs that link to particular tools and will be displayed on the tool page, but they are not intended to be referenced in publications or other databases outside of Aztec. A Digital Object Identifier (DOI) will be used to generate citations in a format consistent with the expectations of the academic publishing community. Tools with pre-existing DOIs, registered by an organization such as Zenodo (https://zenodo.org), will have that information stored in the tool's metadata.
Other Ontologies and Identifiers
Aztec will use the EDAM ontology for bioinformatics operations, data types, formats, identifiers, and topics. This ontology is used by the ELIXIR Tool and Data Service Registry (https://bio.tools/), as well as BioXSD (http://bioxsd.org), EMBOSS (http://emboss.sourceforge.net), eSysbio (http://esysbio.org) and SEQwiki (http://seqwiki.org). It is the most mature and robust existing ontology suitable for a bioinformatics tool registry. Additionally, EDAM has an online change request form and a GitHub repository that can be utilized to extend the ontology as needed to adequately describe all tools.
The Open Researcher and Contributor ID (ORCID, https://orcid.org) is a rapidly growing system to uniquely identify authors of scientific publications and datasets. At present, ORCID has almost 3 million registrants. The widespread adoption of this system will alleviate attribution issues stemming from the large number of researchers with similar names, as well as those whose names change or have multiple representations. Though not required, we recommend that Aztec contributors register an ORCID.
To enhance usability, Aztec automatically highlights terms in the tool description that match Medical Subject Headings (MeSH) and hyperlinks them to their entries in the BioPortal ontology database.
Conclusion
Aztec is a unique resource that provides an essential service to the biomedical research community.
Through direct mining of the PubMed corpus, Aztec indexes new tools as they are first published, making them Findable by researchers well in advance of the time needed for manual entry into a similar tool database.
Further Aztec development is planned for the future. Analysis of journals will expand beyond Bioinformatics to include those that publish new tools less frequently and with less consistent formatting.
Additionally, the metadata extraction methods will be continuously iterated and refined using both heuristic and machine learning methods.
As these new features are implemented, Aztec will become integral to propelling biomedical innovation in the digital era.
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